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INPUT CURRENT LIMITED POWER SUPPLY
AND AUDIO POWER AMPLIFIER FOR HIGH

POWER REPRODUCTION OF
NONDETERMINISTIC SIGNALS

FIELD OF THE DISCLOSUR.

(L.

The present disclosure relates generally to audio power
amplifier circuits, and more particularly to audio power
amplifiers for battery powered portable devices where current
sourced by the battery 1s limited and the signal being ampli-
fled may require more instantancous power than can be
sourced from the battery due to the current limit.

BACKGROUND

The International Electrotechnical Commission, 1n stan-
dard IEC 60950-1, limits the current that can be drawn from
a battery having less than 30 volts open circuit voltage to 8
amperes for battery powered devices. Accordingly, this stan-
dard applies to virtually all portable two-way radio devices,
many of which operate at either a 3.6 volts or a 7.2 volts
nominal operating voltage. These nominal voltage levels are
achieved using one equivalent lithium ion battery cell for the
3.6 V nominal output voltage, or the equivalent of two lithium
ion cells connected 1n series to achieve the 7.2 V nominal
output. Since the current output of the battery 1s limited to 8 A,
or less, by an internal safety circuit, more power 1s available
from a battery having a higher nominal voltage than one
having alower nominal voltage. However, a 7.2V battery with
higher output power than that of the 3.6V battery will have
both weight and volume being two to four times that of the
3.6V battery for similar battery cell capacity. In a practical
implementation of a 7.2V battery it would need to have four
times the volume and weight of the equivalent 3.6V battery to
enable 1t to source twice the power, for equal power dissipa-
tion, cell stress due to load current etc.

Some segments of the portable device market, including
portions of the portable two-way radio device market, prefer
low weight and low (spatial) volume devices, which tends to
favor using a smaller battery 1n a single cell topology having
a lower nominal voltage. Given a battery current limit, the use
of a lower voltage battery presents a problem with regard to
audio fidelity because the power available to the portable
two-way radio device 1s less than that available from a sub-
stantially larger battery having a higher nominal voltage
under the same battery current limit. When a portable two-
way radio device recerves an audio signal, the audio signal 1s
amplified and played over a loudspeaker so the user of the
portable two-way radio device can hear the audio signal with-
out having to, for example, hold the speaker up to the user’s
car as when using a telephone. Furthermore, given that the
user of the portable two-way radio device can be located 1n a
noisy environment, the audio power needs to be suificiently
loud and distortion-iree for the user to understand recerved
audio signals under such conditions.

An audio power amplifier 1s used to amplify received audio
signals and drive a speaker with the amplified audio signal. A
peak instantaneous power of, for example, 12 Watts 1s needed
to provide the desired distortionless intelligibility and output
power to meet certain industry standards. However, given the
limitation on current that can be drawn from the battery under
IEC 60950-1, and given the current budget needed to concur-
rently operate all portions of the portable two-way radio
device (e.g. RF transmitter, RF receiver, controller, audio
power amplifier etc.) without exceeding the battery current
limit, and 1n view of the losses due to inefliciency, 1t 1s not
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possible to draw the necessary instantaneous current directly
from the battery to support instantaneous 12 W peak audio
power. As a result, using conventional audio power amplifi-
cation that relies on the combination of audio power amplifier
supply voltage, or maximum peak output voltage of the audio
power amplifier, and loudspeaker impedance to limit the peak
current drawn from the battery to the budgeted value, peak
clipping will occur, causing significant distortion and reduc-
ing intelligibility.

Accordingly, there 1s a need for a method and apparatus for
amplifying recerved audio signals 1n a portable two-way radio
device under current budgeted conditions 1n a way that does
not exceed a budgeted current limit and which provides sul-
ficient peak audio power to allow a user of the portable two-
way radio device to hear and understand the received audio in
noisy environments.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, where like reference numerals
refer to 1dentical or functionally similar elements throughout
the separate views, together with the detailed description
below, are incorporated 1n and form part of the specification,
and serve to further 1llustrate embodiments of concepts that
include the claimed invention, and explain various principles
and advantages of those embodiments.

FIG. 1 1s a block diagram of a portable two-way radio
device having peak power audio amplification with 1nput
current limiting, 1n accordance with some embodiments;

FIG. 2 1s a block diagram of a power control architecture,
in accordance with some embodiments:

FIG. 3 15 a signal diagram of an example of vowelic speech
that can be amplified, including peak amplification power that
1s higher than an mnput power limit due to the input current
limit, 1n accordance with some embodiments:

FIG. 4 1s a block diagram of power control circuitry for
audio power amplification, in accordance with some embodi-
ments;

FIG. 5 15 a block diagram of power control circuitry for
audio power amplification, 1n accordance with some embodi-
ments;

FIG. 6 1s a flow chart diagram of a method of controlling
audio power for audio power amplification, in accordance
with some embodiments; and

Skilled artisans will appreciate that elements 1n the figures
are 1llustrated for simplicity and clarity and have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements in the figures may be exaggerated rela-
tive to other elements to help to improve understanding of
embodiments of the present invention.

The apparatus and method components have been repre-
sented where appropriate by conventional symbols 1in the
drawings, showing only those specific details that are perti-
nent to understanding the embodiments of the present inven-
tion so as not to obscure the disclosure with details that will be
readily apparent to those of ordinary skill 1n the art having the
benelit of the description herein.

DETAILED DESCRIPTION

Some embodiments as disclosed herein include a method
for powering an audio power amplifier includes boosting a
voltage level of a battery to a boost voltage level across a
boost capacitor at an output of a boost stage without exceed-
ing a preselected mput current limit. The boost voltage level
1s higher than the voltage level of the battery and higher than
a supply voltage required for the audio power amplifier to
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output a predefined maximum peak power into a load. The
method further includes deriving the supply voltage from the
boost voltage and providing the supply voltage to the audio
power amplifier to power the audio power amplifier. The
audio power amplifier amplifies an mnput signal to produce an
amplified signal. The method further includes comparing a
state of charge indication parameter to a depletion threshold,
wherein the state of charge indication parameter 1s dependent
on the boost voltage, and, when the state of charge indication
parameter 1s below the depletion threshold, adjusting a gain
of a pre-amplifier that provides the mput signal to the audio
power amplifier.

FIG. 1 1s a block diagram of a portable two-way radio
device 100 having peak power audio amplification with input
current limiting 1n accordance with some embodiments. The
portable two-way radio device 100 1s a battery powered two-
way communications device that operates in a half-duplex or
tull-duplex communication modes where, upon recerving an
audio signal, the audio signal 1s amplified and played over a
speaker. When used in the halt-duplex communication mode,
to send an audio signal (e.g. speech) the user presses a “push
to talk” (PTT) button, and while the user 1s speaking the
resulting audio signal from the user’s voice 1s transmitted. In
tull-duplex communication mode audio signals are sent and
received simultaneously, once a call has been set-up.

The portable two-way radio device 100 includes a control-
ler 102 which can include, for example, a microprocessor.
The controller 102 1s coupled to a memory 108 that can
include instruction code which 1s executed by the controller
102 for operating the portable two-way radio device 100 1n
accordance with design parameters and user input. The
memory 108 can represent an aggregate ol various types of
memory mcluding read only memory (ROM), random access
memory (RAM), flash memory, and other types of memory.

The controller 102 1s further coupled to a radio frequency
(RF) transceiver 104 that includes both a transmaitter and a
receiver for transmitting and receiving radio frequency sig-

nals, such as those commonly used by portable two-way radio
devices. The transceiver 104 uses an antenna 106 for trans-
mitting and recerving signals over the air, and includes cir-
cuitry and components for RF operations, including modula-
tion, demodulation, mixing, frequency generation, filtering,
amplification, and so on. The transceiver 104 can receive
digital audio signals from an audio processor 118 and modu-
late a carrier wave at a selected frequency using any of various
digital modulation techniques. Likewise, the transceiver 104
can recerve modulated RF signals and extract, through
demodulation, digital audio signals that are provided to the
audio processor 118 by the transcerver 104. The controller
102 can provide output to, and receive mput from, various
user interface components 110, which can include, for
example, a numeric or alphanumeric keypad 112, a graphical
display system 114, the PT'T switch 116 and other buttons and
knobs for selecting settings and controlling levels.

The audio processor 118 receives digital audio signals
from, and provides such signal to, the RF transceiver 104. The
digital audio signals can include digitized speech signals, and
in fact they will most prevalently be voice signals. A micro-
phone 119 1s used to convert acoustic signals recerved at the
microphone 119 ito analog electrical audio signals, which
the audio processor 118 digitizes and processes. For example,
upon the user of the portable two-way radio device 100 press-
ing the PT'T button 116, the audio processor 118 commences
sampling the output of the microphone 119 to produce a
digital audio signal. The digital audio signal can be presumed
to be a speech signal, and can be further processed by, for
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example, voice encoding techniques to produce a digital
audio signal for transmission by the transceiver 104.

When the audio processor 118 recerves a digital audio
signal from the transceiver 104 1t processes the digital audio
signal by, for example, decoding, filtering, and amplification,
and produces an analog audio signal 136 that 1s to be ampli-
fied and played over, for example, a speaker 128. The audio
signal 136 1s amplified by an audio power amplification cir-
cuit 121 to a desired level. The audio power amplification
circuit 121 1s powered from the battery at a battery input 126,
which 1s also shared by the other components of the portable
two-way radio device 100. The audio power amplification
circuit 121 1s actively limiting the magnitude of current it can
draw from the battery. The limit for the magnitude of 1input
current that the audio power amplification circuit 121 can
draw from the battery can be based on a current budget for a
total current that can be drawn from the battery by the por-
table two-way radio device 100. That 1s, the input current
limit for the audio power amplification circuit 121 will be a
portion of the total current that can be drawn from the battery
by the portable two-way radio device 100, and 1t has to be low
enough so as to assure that all other components of the por-
table two-way radio device 100 can operate when the audio
power amplification circuit 121 1s drawing 1ts maximum bud-
geted mput current (1.e. the mput current limit) according to
an iput current budget limat.

The maximum power available at the battery input 126, 1n
light of the maximum battery voltage and the mput current
limit, can be less than the peak (instantaneous) power neces-
sary to amplily the audio signal 136 at the speaker 128, 1n
light of the volume setting selected by the user and the mag-
nitude of the mput audio signal 136. In some cases even the
average power that would be needed (over a given time
period) can exceed the available input power.

However, speech signals have a high crest factor and thus
require high peak to average power ratio to achieve high
intelligibility. Tones, and other non-speech sounds, do not
require the same level of peak power for fidelity as does
speech, for a given desired loudness. Speech signals contain
substantial periodic content, particularly in vowel portions of
speech, where the pitch period has peaks of power higher than
the average power occupying 25% or less, and often 15% or
less, of a pitch period, and the remainder of the pitch period
averaging substantially less in power than the average power.
Thus, typical voiced speech can be considered having pitch
periods with power duty cycle of 25% or less. Other portions
of speech, such as iricative speech, tends to be shorter 1n
duration and between vowel portions of speech. This means
that speech signals only need a relative high power for a short
time, relative to the average power over the pitch period.

To accommodate the high peak power requirements within
the pitch period, an intermediate energy storage circuit 124
stores energy and provides power to an audio power amplifier
122 at a supply voltage 132 to drive the speaker 128. In
particular, the intermediate energy storage circuit includes an
input current limiting boost stage that boosts the input battery
voltage 126 to a higher voltage level (compared to the battery
voltage) across a bulk energy storage capacitor (not shown).
The nominal storage voltage 1s higher than that required by
the audio power amplifier 122 for 1t to deliver the predefined
(nominal) maximum peak power into the speaker load, thus
storing a surplus of energy. This storage voltage 1s used to
derive a supply voltage 132 that powers the audio power
amplifier 122, and the surplus of energy 1n the storage capaci-
tor can be drawn to cover the power shortage incurred by
input current liming, to meet the peak power demands within
the pitch period and so of voiced speech signals 1n general.
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When large signals with low crest factor are being ampli-
fied, however, or when the speech signals simply require
more average power (at a given volume setting) than can be
provided, the energy storage 1n the intermediate energy stor-
age circuit 124 can be depleted, causing the source voltage
132 to drop low enough to otherwise result 1n peak clipping at
the audio power amplifier 122. A depletion state can occur, for
example, when the sustained average power demand of the
signal being amplified exceeds the power that can be provided
by the boost stage due to the input current limit imposed by
the current budget for the audio power amplification circuit
121.

To address depletion, the intermediate energy storage cir-
cuit includes a depletion recovery circuit that adjusts a gain
signal 130 which controls the gain of a pre-amplifier 120 that
amplifies the audio signal 136 from the audio processor 118 to
produce an input signal 134 that 1s amplified by the audio
power amplifier 122. The pre-amplifier 120 can be, for
example, implemented by a digital signal processor, or 1t can
be an analog amplifier with an adjustable gain, or an equiva-
lent. In some embodiments, when the supply voltage 132 falls
below a threshold, the gain signal 130 1s adjusted to cause the
gain of the pre-amplifier 120 to decrease, thus, reducing the
level of the input signal 134, and resulting 1n the audio power
amplifier 122 requiring less power to amplify the input signal
134. The gain of the pre-amplifier 120 can be adjusted quickly
yet mnaudible 1n response to a depletion condition being
detected so that any significant clipping or distortion at the
audio power amplifier 122 can be avoided. While decreasing
the magnitude of the mput signal 134 will result 1n a lower
output power at the speaker 128, the fidelity of the amplified
audio signal can substantially be preserved. When the gain of
the pre-amplifier 120 1s adjusted down sufficiently to cause a
surplus of input power, or audio signal 136 changes, such that
the intermediate energy storage circuit 124 recovers thus
ending the depletion condition, the gain control signal 130
can be adjusted to cause the gain of the pre-amplifier 120 to
increase up to its nominal gain value. Thus, the intermediate
energy storage circuit 124 can source power to the audio
power amplifier 122 1n a way that allows speech 1n the input
signal 134 to be amplified to peak power levels that signifi-
cantly exceed an input power level available at the battery
input 126 to the audio amplifier circuit due to the mnput current
limit. For signals that do cause depletion of the intermediate
energy storage circuit 124, distortion (e.g. clipping) 1is
avoided by the depletion recovery action of adjusting the gain
of the pre-amplifier 120 in response to an indication of deple-
tion occurring. When depletion conditions end, the gain of the
pre-amplifier recovers so that any subsequent speech signals
will be at the desired audio volume including peak power, and
substantially free of distortion. Depletion recovery 1s seam-
less and perceived as intonation, since gain adjustments are
minor and of short duration.

FIG. 2 1s a block diagram of a power control architecture
200 1n accordance with some embodiments. The power con-
trol architecture 200 represents the main functionality for
providing power to an audio power amplifier that draws peak
power 1n excess of an effective input power limit due to input
current limiting. The power control architecture 200 can be
incorporated 1nto a device, such as, for example, a portable
two-way radio device. A battery 202 provides voltage and an
input current (as represented by arrow 204) to a power 1mnput
stage 206. The battery 202 can be used to power other cir-
cuitry of the device 1n which the power control architecture
2001s disposed, and accordingly, a current limit can be placed
on the iput current 204 1n accordance with a current budget.
The power input stage 206 includes a boost converter that
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boosts the battery voltage up to a regulated level on line 210.
The power mnput stage 206 uses current sensing 208 to ensure
that the mput current limit 1s observed, and that the power
input block does not draw more current than the budgeted
current limit. The power mput stage 206 also uses output
voltage sensing 212 to regulate the output of the boost regu-
lator to the selected boosted voltage level on line 210. The
power mput stage 206 sources the boost converter output
current 213 to a boost capacitor 214 with the delivered power
being equal to the product of the mstantaneous current 213
and instantaneous voltage on line 210. The boost capacitor
214 stores charge to act, at least in part, as an intermediate
energy storage supply (e.g. 124 of FIG. 1). Thus, during
normal operation, the voltage on line 210 will be higher than
the battery voltage. If the voltage on line 210 begins dropping
below the selected boost level, however, the power input stage
206 will not exceed the budgeted limit o the input current 204
in attempting to regulate the voltage on line 210 to the
selected boost level.

A power output stage 216 draws power from the boost
capacitor 214 to power an audio power amplifier 220, which
provides a power amplified audio signal to a load 224 (e.g. a
speaker) from an mmput audio signal source (e.g. 136). The
power drawn by the power output stage 216 i1s equal to the
product of the instantaneous imput current 213 and the instan-
taneous voltage on line 210. Since the mput audio signal
varies with time, the instantaneous output power of the audio
power amplifier 220 will vary accordingly, as will average
power over a given time period, based on, for example, voice
characteristics, volume setting, etc. As a result, the power
consumption of the power output stage 216 can be such that 1t
can exceed the power that can be provided by the output of the
power 1mput stage 206. When the mput current 215 to the
power output stage 216 exceeds the current 213 that can be
provided by the power input stage 206, the boost capacitor
will begin to source current, and the voltage on line 210 wall
begin to drop as charge 1s drained from the boost capacitor
214, since the power input stage 206 cannot exceed 1ts bud-
geted mput current limit. However, the nominal boost voltage
1s selected such that the voltage on line 210, which corre-
sponds to charge stored in the boost capacitor 214, provides
voltage overhead suilicient to allow the preselected maxi-
mum peak output power of the power output stage 216 to
exceed the power that can be provided by the power 1nput
stage 206. Charge stored in the boost capacitor 214 can sus-
tain suificient overhead voltage to the audio power amplifier
220 to provide output peaks at a power level substantially
above the average power level that can be provided by the
output of the power input stage 206. The boost voltage on line
210 can drop during such peaks. However, 1f the average
power consumed by the power output stage 216 for one or
more pitch periods exceeds that which can be provided by the
power input stage 206, the voltage on line 210 will continue to
decrease and may eventually reach a critically low level,
causing a depletion state. The required amount of energy
stored 1n the boost capacitor 1s dependent on the application
and equal to:

L= 1/2$ Cbaasr$ ( V2 boost_nominal Vzboc}sr_minim um)
Where:
E 1s energy necessary to be stored to support speech ampli-
fication;

C, ..., 1s the capacitance of the boost capacitor in Farads;

Vi oo womins 18 the selected nominal boost voltage on line
210; and

boost minimen AY b€ selected as the critically low voltage
or threshold level on line 210, preferably with some

v



US 9,209,767 Bl

7

margin that ensures sustained performance of power an
audio power amplifier 220 of the power output stage 216
for some further decrease of the voltage on line 210.
Obviously, for a given required amount of stored energy
a higher nominal boost voltage results 1n the boost
capacitor being smaller 1n capacitance and physical size.

The depletion state can be detected by a depletion recovery
circuit 222, which senses a state of charge indication param-
eter, such as the voltage on line 210 (1n the present example).
The state of charge indication parameter 1s dependent on the
boost voltage on line 210, and can be the boost voltage or any
other voltage that depends on the boost voltage which can
indicate when the boost voltage is, or 1s becoming, depleted.
When the voltage, in the present example, on line 210 drops
below a depletion threshold level a depletion recovery circuit
222 acts to reduce the power consumption of the audio power
amplifier 220 by reducing the gain of a pre-amplifier stage, at
a predetermined rate, that provides the input audio signal to
the audio power amplifier 220. By reducing the gain at a rate,
rather than, for example, 1n large steps, the continuity of the
audio signal can be maintained, rather than introducing a step
into the audio signal. The depletion threshold level can be
below the nominal boost voltage level that the power input
stage 206 1s configured to provide (as long as 1ts input current
1s below the input current limit). The particular depletion
threshold will depend on the particular application. As the
depletion recovery circuit 222 reduces gain of the input audio
signal to the audio power amplifier 220, the voltage on line
210 can recover. Upon recovering, the gain of the input signal
can then be increased. By reducing the gain of the input audio
signal, instances of peak clipping 1n the audio power amplifier
220 may be avoided and the intelligibility of the audio signal
can be maintained.

It will be appreciated by those skilled in the art that, in the
power control architecture 200, the power mput stage 206
operates independently of the power output stage 216. The
power mput stage 206 merely boosts, or attempts to boost, the
battery voltage up to a nominal boost voltage level at its
output on line 210 while observing the budgeted input current
limat. If the mnput current 1s at the mput current limit, and the
voltage on line 210 1s below the nominal boost voltage level
due to loading by the power output stage 216, then the power
input stage will simply not be able to output suflficient current
to raise the output voltage on line 210 due to the input current
limit. Likewise, the power output stage 216 operates indepen-
dent of the operation of the power input stage 206, and 1s only
responsive to depletion conditions as indicted by the state of
charge indication parameter, which can be, for example, the
voltage of the boost capacitor 214 (1.e. on line 210).

FI1G. 3 1s a signal diagram of an example of vowelic speech
signal 300 that can be amplified including peak amplification
power that 1s higher than an input power limit due to an input
current limit in accordance with some embodiments. Gener-
ally, speech contains sequences of iricative consonants,
unvoiced sounds, explosive consonants, and voiced sounds
(vowels). The majority of power in speech signals 1s 1 the
vowel portions of speech, which are periodic.

The human speech organ produces voiced sounds by exci-
tation of the vocal tract and nasal cavity by Dirac-pulse like
pitch pulses generated by the vocal cords; air forced from the
lungs builds up a pressure suilicient to force the vocal cords
apart causing an air flow through the opening, yet, when the
velocity of the air increases, the pressure drops and causes the
vocal cords to block the air flow. This cycle 1s repeated pro-
ducing a periodic signal of pitch pulses with average periods
of V125 Hz for adult males and Y210 Hz for adult females.
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The vocal tract forms a series of resonators that may be
modeled by four second order low pass filters in cascade, each
with time variant Q and resonance frequency representing a
formant. The excitation of this 8” order filter by a train of
pitch pulses causes the output of the vocal tract to be a peri-
odic signal consisting of a transient followed by a dampened
oscillation, as shown 1n vowel speech signal 300. Two pitch
periods 302 and 304 are defined by three peaks 306, 308, 310.
The peaks are at a peak level 312, while the root mean square
(RMS) magmitude 314 1s much lower (relative to a zero level
315). The ratio of the peak magnitude to the long term RMS
magnitude of the signal 300 1n human speech, known as the
crest factor, 1s i the range from 12 dB to 20 dB, and 1is
typically about 16 dB. The instantaneous power of the speech
signal 300 1s greater than the long term average power 1n less
than 15% of the time. For the most powertul part of the vowel
the crest factor 1s about 10 dB and the instantaneous power 1s
greater than the short term average power 1n less than about
25% of the duration of the pitch period. Thus the audio power
amplification circuit (e.g. 121 of FI1G. 1) will have about 75%
of the pitch period for recovery upon the imtial transient
currents drawn by the audio power amplifier.

The average pitch frequency of a male voice 1s 125 Hz,
however, due to the intonation the pitch frequency varies from
80 Hz to 200 Hz. The pitch frequency varies from 136 Hz to
340 Hz for females (a scaling factor of 1.7 1s applied, as the
male larynx 1n average 1s 1.7 times larger than the female
equivalent and the pitch frequency thus 1s 1.7 times lower).
Assuming that the duty cycle of peak power in the pitch
period 1s independent of pitch period, the most difficult signal
to work with 1s that with maximum pitch period (1.e. a deep
male voice). This 1s because peak power then occurs for
longer durations, maximizing the energy per peak. Peaks, of
course, occur less often, so that the average signal power 1s
maintained. Thus, the intermediate energy storage circuit
(e.g. 124 of FIG. 1) provides an energy reservoir to support
peak power during the relatively short peak of each pitch
period, which 1s then replenished during the relatively low
power portion of the rest of the pitch period. The power of
these peaks, at the output of the audio power amplifier, can
significantly exceed the input power limit defined by the input
current budget limit and the battery voltage. For a signal such
as vowel signal 300, the pre-amplifier gain will not be
adjusted since the energy reservoir of the intermediate energy
storage circuit will not become depleted, despite the high
power of the peaks 1n the amplified output signal. However,
when an mput signal does not have characteristics like vowel
speech, and lasts long enough to cause depletion of the inter-
mediate energy storage circuit, the gain of the iput signal to
the audio power amplifier 1s reduced to prevent distortion and
preserve intelligibility.

FI1G. 4 1s a block diagram of power control circuitry 400 for
audio power amplification 1n accordance with some embodi-
ments. The power control circuitry 400 recetves power from
a battery 402 that provides a battery voltage and a battery
current 415. The power control circuitry 400 1s only allowed
to draw a preselected input current limit from the battery 402,
which limits the amount of power that the battery can provide
to the power control circuitry 400, including peak power since
the mput current limit must be observed at all times. The
power control circuitry 400 includes several stages that make
up an intermediate energy storage circuit, including a boost
stage 404, a boost capacitor 414, a buck stage 416, and a
depletion recovery circuit 434. The boost stage includes a
boost inductor 406 through which current 4135 flows. Current
1s drawn through the boost inductor 406 by a switch 408 that,
when switched on, connects the boost inductor 406 to ground.
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The switching of the switch 408 1s controlled by a boost
controller 412. The boost controller 412 also senses the cur-
rent 415 to recerve a current sense signal 413, which 1s used,
in part, to control switching of the switch 408 to prevent the
battery current 415 from exceeding the mput current limat.
When the switch 408 1s opened (after being closed), current
continues tlowing through the boost inductor 406 due to
energy stored 1n the magnetic field of the boost inductor 406,
which then flows through boost diode 410 1nto boost capaci-
tor 414, resulting 1n a boost voltage across the boost capacitor
414. The boost controller 412 senses the boost voltage to
turther control switching of switch 408 so that the boost
voltage 1s at a pre-selected nominal boost voltage level under
conditions of the booster sourcing enough power to cover
both average and peak power demands. The nominal boost
voltage level 1s substantially higher than the battery voltage
and substantially higher than the supply voltage for audio
power amplifier 428 required for it to output the preselected
maximum peak output power 1nto the load 430.

The boost voltage across the boost capacitor 414 1s pro-
vided to the buck stage 416 which regulates the boost voltage
down. An exemplary buck controller 432 controls and alter-
nately switches a pair of switches including an upper switch
418 and a lower switch 420. When upper switch 418 1s on, and
lower switch 420 1s off, current tlows from the boost capacitor
through a buck inductance 422. When the upper switch 418 1s
off, and lower switch 420 1s on current continues flowing
through the buck inductance 422, and from the ground
through lower switch 420 to the buck inductance 422. The
buck output voltage 426 1s filtered by a buck capacitor 424. In
embodiments using a buck stage, the buck output voltage 426
1s the supply voltage for the audio power amplifier 428, which
can for example be a class D amplifier. The audio power
amplifier 428 amplifies an 1input signal 440 by a gain factor,
and provides a power amplified version of the input signal 440
to aload 430 (e.g. a speaker). Accordingly, the buck stage 416
provides power to the audio power amplifier 428 as needed,
including for peak power periods where the peak power 1s
greater than that which can be sourced by the battery due to
the input current limit. The energy stored 1n the boost capaci-
tor can facilitate those power peaks.

The supply voltage to the audio power amplifier 428, which
in the present example 1s the buck voltage output 426, is
monitored by a depletion recovery controller 442 of the
depletion recover circuit 434 as the state of charge indication
parameter, which 1s also the supply voltage provided to the
audio power amplifier 428. As indicated previously, the state
of charge indication parameter 1s dependent on the boost
voltage, and here, the buck voltage output 426 1s dependent on
the boost voltage since the boost voltage must be above the
buck nominal voltage output 426 level. While the supply
voltage 1s at or above a depletion threshold the depletion
recovery controller 442 outputs a gain signal 441 to control
the pre-amplifier 436 of an 1nput gain stage to a maximum
gain. The pre-amplifier 436 amplifies an audio signal mput at
438 to produce the mput signal 440 that 1s provided to the
audio power amplifier 428. When the supply voltage drops
below the depletion threshold, the depletion recovery control-
ler 442 adjusts the gain signal 441 to reduce the gain of the
pre-amplifier 436, thereby reducing the gain of the input
signal 440 provided to the audio power amplifier 428, which
in turn reduces the output power demand by the audio power
amplifier so as to substantially avoid peak clipping 1n the
audio power amplifier 428. The gain signal can be adjusted 1n
any of several ways, including, for example, reducing the gain
as a rate of decibels over time. When the supply voltage rises
back above a depletion threshold, 1t may be the same as that
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for onset of depletion condition or ditferent to provide hys-
teresis, the gain signal 441 1s adjusted to increase the gain of
the pre-amplifier 436 back to the maximum gain setting,
assuming the supply voltage remains above the depletion
threshold. When sensing of the supply voltage 1s applied, as in
400, the buck output voltage 426 and the depletion threshold
may be chosen such that a voltage margin ensures sustained
audio power amplifier performance during depletion recov-
ery.

FIG. 515 ablock diagram of power control circuitry 500 for
audio power amplification 1n accordance with some embodi-
ments. The power control circuitry 500 1s similar to that of
FIG. 4, except that the buck stage, or an equivalent function,
1s essentially incorporated into the audio power amplifier 526,
as for example the inherent buck converter function of a
class-D amplifier. Accordingly, a battery 502 provides a bat-
tery voltageV, . and a battery current 514. A boost stage 504
includes a series boost inductor 506 through which current
514 flows. Current 1s drawn through the boost inductor 506 by
a switch 508 that, when switched on, connects the boost
inductor 506 to ground. The switching of the switch 508 is
controlled by a boost controller 510. The boost controller 510
also senses the current 514 to receive a current sense signal
512, which 1s used, in part, to control switching of the switch
508 to prevent the battery current 5314 from exceeding the
budgeted current limit. When the switch 508 1s opened (after
being closed), current continues flowing through the boost
inductor 506 due to energy stored 1n the magnetic field of the
boostinductor 506, which then flows through boost diode 516
into boost capacitor 518, resulting 1n a boost voltage across
the boost capacitor 518. The boost controller 510 senses the
boost voltage to control switching of switch 508 so that the
boost voltage 1s at a pre-selected nominal level, under condi-
tions ol the booster sourcing enough power to cover both
average and peak power demands, and which 1s substantially
higher than the battery voltage and substantially higher than
the supply voltage for audio power amplifier 526 required for
it to output the pre-selected maximum peak output power into
the load 528.

In embodiments 1n accordance with the power control cir-
cuitry 500 a buck or step down of the boost voltage 520 can be
incorporated into the audio power amplifier 526. Accord-
ingly, the supply voltage for the audio power amplifier 526 1s
derived directly from the boost voltage 520 across the boost
capacitor, rather than from a buck stage as in embodiments 1n
accordance with FIG. 4. The supply voltage, therefore, 1s a
voltage across a storage capacitor (e.g. the boost capacitor or
buck capacitor) that 1s monitored by the depletion recovery
controller 330 (or 442 of F1G. 4) as a state of charge indication
parameter. When the voltage across one of these storage
capacitors begins dropping 1t 1s because the power output of
the audio power amplifier has drained energy from the energy
storage of the power control circuitry 500 (or 400) and 1t 1s
greater than power that can be sourced from the battery due to
the 1nput current budget limit. When a depletion condition 1s
detected, such as when the boost voltage 520, used as the
supply voltage here, falls below a depletion threshold, the
depletion recovery circuit 524 adjusts the gain of the mnput
signal 5336 fed to the audio power amplifier 526 of the output
stage 522, causing 1t to output less power to the speaker load
528. The depletion recovery controller 530 adjust a gain
control signal 5338 to adjust the gain of the pre-amplifier 532.
The pre-amplifier 332 applies an adjustable gain factor to an
audio signal 5334 to produce the mput signal 536 provided to
the audio power amplifier 526. After the boost voltage 520 has
dropped below the depletion threshold, and then recovers
back to 1its nominal level, as controlled by the boost controller
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510, the depletion recovery controller 530 can detect the
boost voltage 520 being above a depletion threshold, 1t may
be the same as that for onset of depletion condition or differ-
ent to provide hysteresis, and adjust the gain control signal
538 to increase the gain of the pre-amplifier 532. Further-
more, 1t will be appreciated by those skilled 1n the art that the
audio power amplifier 526 (and 428) can have 1ts own gain
setting that 1s adjusted, for example, by a user-controlled
volume setting, such as a knob or other means. Accordingly,
the depletion recovery action of adjusting the gain setting of
the pre-amplifier occurs independently of the user-controlled
volume setting that directly adjusts the audio power amplifier
galn.

It will be appreciated by those skilled 1n the art that a hybrid
of the topologies shown in FIGS. 4-5 can equivalently be
employed, where a buck regulator 1s used to generate a supply
voltage for the audio power amplifier, and the boost voltage 1s
monitored by the depletion recovery circuit. Hence, as
described herein, the depletion recovery circuit, regardless of
the specific topology used, monitors a state of charge indica-
tion parameter that 1s dependent on the boost voltage. The
state of charge indication parameter can be the boost voltage,
a divided version of the boost voltage, the supply voltage
provided to the audio power amplifier, or any other suitable
voltage that 1s dependent on the boost voltage and that can
indicate a depletion condition which necessitates recovery
action such as adjusting the gain of the pre-amplifier.

FIG. 6 1s a flow chart diagram of a method 600 of control-
ling power for audio power amplification 1n accordance with
some embodiments. The method 600 can represent operation
of embodiments of the power control circuitry such as, for
example, that shown 1n FIGS. 4-5. At the start 602 the power
control circuitry 1s assumed to be powered up and operating
and an audio signal 1s being recerved that 1s being amplified to
drive a speaker. Although shown as a flowchart, those skilled
in the art will appreciate that the processes described in the
various “‘steps” can occur contemporaneously and that there
1s no delay or butlering implied between the processes by use
of flowchart elements. In step 604 the boost stage attempts to
boost the mput battery voltage up to a boost voltage across a
boost capacitor, subject to an input current limit based on an
input current budget limait for the power control circuitry. The
received audio signal passes through a pre-amplifier gain
stage to produce an 1nput signal that 1s provided to the audio
power amplifier. Thus, step 606 indicates that the audio power
amplifier amplified the mput signal at the adjusted gain set-
ting. Under non-depletion conditions, the gain setting can be
adjusted to a maximum gain. A depletion recovery circuit
monitors a state of charge indication parameter that 1s depen-
dent on the boost voltage to detect a depletion condition
which 1s indicated when the state of charge indication param-
cter falls below a depletion threshold. The state of charge
indication parameter can be the boost voltage, the output
voltage of a buck stage after the boost stage, both, or an
estimated boost capacitor voltage obtained by numerical
computations in real time based on a mathematical model of
the system and the applied audio signal.

In step 608 the depletion recovery circuit determines
whether the monitored voltage i1s decreasing, or at least
decreased below the depletion threshold. IT not, then 1n step
610 the depletion recovery circuit determines whether the
monitored voltage 1s increasing or increased above a deple-
tion threshold, which may be the same as that for onset of the
depletion condition or different, while the gain setting of the
pre-amplifier 1s below 1ts maximum setting. If not, then the no
actionis taken. If, in step 608, the supply voltage 1s decreasing
or 1s otherwise below the depletion threshold, then 1n step 612
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the gain setting of the pre-amplifier 1s decreased. It can be
decreased by a step value or linearly at a rate such as by
decibels over time. In step 614, 11 the supply voltage has
increased subsequent to a depletion event where the gain of
the pre-amplifier was lowered, and then 1s above a depletion
threshold, then the gain can be increased accordingly up to the
maximum gain setting. The method ends 616 when there 1s no
audio signal being recerved and 1n some embodiments the
power control circuitry can be turned oif to conserve power.

The audio power control circuitry of the various embodi-
ments provides the benefit of allowing amplification of
received audio signals without significant distortion or
exceeding an iput current budget limit where the amplified
signals have peaks that significantly exceed the available
input power due to the input current limit by use of an inter-
mediate energy storage circuit. In some conditions, due to the
characteristics of speech, peaks 1n the received audio signal
can be reproduced at the amplified level by drawing power
from the intermediate energy storage. In cases where the
audio signal being amplified begins to deplete the intermedi-
ate energy storage, fidelity of the amplified signal can be
maintained by detecting the onset of the depletion condition
and reducing the power applied to the signal being amplified
by reducing the gain of a pre-amplifier stage. When the inter-
mediate energy storage stage recovers, the gain of the pre-
amplifier can be increased to restore operation at the desired
amplification power. By adjusting the power applied to the
signal being amplified the fidelity of the signal can be main-
tained.

In the foregoing specification, specific embodiments have
been described. However, one of ordinary skill in the art
appreciates that various modifications and changes can be
made without departing from the scope of the invention as set
forth 1n the claims below. Accordingly, the specification and
figures are to be regarded in an illustrative rather than a
restrictive sense, and all such modifications are intended to be
included within the scope of present teachings.

The benefits, advantages, solutions to problems, and any
clement(s) that may cause any benefit, advantage, or solution
to occur or become more pronounced are not to be construed
as a critical, required, or essential features or elements of any
or all the claims. The invention 1s defined solely by the
appended claims including any amendments made during the
pendency of this application and all equivalents of those
claims as 1ssued.

Moreover 1n this document, relational terms such as first
and second, top and bottom, and the like may be used solely
to distinguish one entity or action from another entity or
action without necessarily requiring or implying any actual
such relationship or order between such entities or actions.
The terms “comprises,” “comprising,” “has”, “having,”
“includes™, “including,” “contains”, “containing’ or any
other variation thereof, are intended to cover a non-exclusive
inclusion, such that a process, method, article, or apparatus
that comprises, has, includes, contains a list of elements does
not include only those elements but may include other ele-
ments not expressly listed or inherent to such process,
method, article, or apparatus. An element proceeded by
“comprises . . . a”’, “has . .. a”, “includes . . . a”, “con-
tains . . . a” does not, without more constraints, preclude the
existence of additional identical elements 1n the process,
method, article, or apparatus that comprises, has, includes,
contains the element. The terms “a” and “an” are defined as
one or more unless explicitly stated otherwise herein. The
terms “‘substantially”, “essentially”, “approximately”,
“about” or any other version thereol, are defined as being
close to as understood by one of ordinary skill 1n the art, and
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in one non-limiting embodiment the term 1s defined to be
within 10%, 1in another embodiment within 5%, in another
embodiment within 1% and 1n another embodiment within
0.5%. The term “coupled” as used herein 1s defined as con-
nected, although not necessarily directly and not necessarily
mechanically. A device or structure that 1s “configured” 1n a
certain way 1s configured 1n at least that way, but may also be
configured 1n ways that are not listed.

It will be appreciated that some embodiments may be com-
prised of one or more generic or specialized processors (or
“processing devices™) such as microprocessors, digital signal
processors, customized processors and field programmable
gate arrays (FPGAs) and unique stored program instructions
(including both software and firmware) that control the one or
more processors to implement, in conjunction with certain
non-processor circuits, some, most, or all of the functions of
the method and/or apparatus described herein. Alternatively,
some or all functions could be mmplemented by a state
machine that has no stored program instructions, or in one or
more application specific integrated circuits (ASICs), in
which each function or some combinations of certain of the
functions are implemented as custom logic. Of course, a
combination of the two approaches could be used.

Moreover, an embodiment can be implemented as a com-
puter-readable storage medium having computer readable
code stored thereon for programming a computer (€.g., com-
prising a processor) to perform a method as described and
claimed herein. Examples of such computer-readable storage
mediums 1nclude, but are not limited to, a hard disk, a CD-
ROM, an optical storage device, a magnetic storage device, a
ROM (Read Only Memory), a PROM (Programmable Read
Only Memory), an EPROM (Erasable Programmable Read
Only Memory), an EEPROM (Electrically Erasable Pro-
grammable Read Only Memory) and a Flash memory. Fur-
ther, 1t 1s expected that one of ordinary skill, notwithstanding,
possibly significant effort and many design choices motivated
by, for example, available time, current technology, and eco-
nomic considerations, when guided by the concepts and prin-
ciples disclosed herein will be readily capable of generating
such software instructions and programs and ICs with mini-
mal experimentation.

The Abstract of the Disclosure 1s provided to allow the
reader to quickly ascertain the nature of the technical disclo-
sure. It 1s submitted with the understanding that 1t will not be
used to interpret or limit the scope or meaning of the claims.
In addition, 1n the foregoing Detailed Description, 1t can be
seen that various features are grouped together in various
embodiments for the purpose of streamlining the disclosure.
This method of disclosure 1s notto be interpreted as reflecting
an 1ntention that the claimed embodiments require more fea-
tures than are expressly recited 1n each claim. Rather, as the
following claims reflect, inventive subject matter lies 1n less
than all features of a single disclosed embodiment. Thus the
following claims are hereby incorporated into the Detailed
Description, with each claim standing on 1ts own as a sepa-
rately claimed subject matter.

I claim:
1. A method for powering an audio power amplifier, com-
prising:

boosting a voltage level of a battery to a boost voltage level
across a boost capacitor at an output of a boost stage
without exceeding a preselected input current limait, the
boost voltage level being higher than the voltage level of
the battery and higher than a supply voltage required for
the audio power amplifier to output a predefined maxi-
mum peak power 1nto a load;
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deriving the supply voltage from the boost voltage and
providing the supply voltage to the audio power ampli-
fier to power the audio power amplifier;

the audio power amplifier amplifying an input signal to
produce an amplified signal;

comparing a state ol charge indication parameter to a
depletion threshold, wherein the state of charge 1indica-
tion parameter 1s dependent on the boost voltage; and

when the state of charge indication parameter 1s below the
depletion threshold, adjusting a gain of a pre-amplifier
that provides the 1mnput signal to the audio power ampli-

fier.

2. The method of claim 1, wherein adjusting the gain com-
prises reducing the gain of the pre-amplifier.

3. The method of claim 2, wherein reducing the gain of the
pre-amplifier 1s performed by reducing the gain at a prese-
lected rate of decibels over time.

4. The method of claim 1, further comprising when the gain
ol the pre-amplifier 1s below a maximum gain and the state of
charge indication parameter 1s at or above a depletion thresh-
old, increasing the gain of the pre-amplifier.

5. The method of claim 4, wherein increasing the gain of
the pre-amplifier 1s performed by increasing the gain at a
preselected rate of decibels over time.

6. The method of claim 1, wherein deriving the supply
voltage comprises stepping the boost voltage down 1n a buck
stage between the boost stage and the audio power amplifier,
an output of the buck stage providing the supply voltage.

7. The method of claim 6, wherein the state of charge
indication parameter 1s the supply voltage provided to the
audio power amplifier.

8. The method of claim 1, wherein the supply voltage 1s the
output of the boost stage to the audio power amplifier.

9. The method of claim 1, wherein the current limait 1s based
on an input current budget limit for a power amplifier circuit
that performs the method.

10. The audio power amplifier circuit of claim 9, wherein
the supply voltage 1s produced by a buck stage that steps the
boost voltage down to the supply voltage.

11. The audio power amplifier circuit of claim 10, wherein
the state of charge indication parameter 1s the supply voltage.

12. The audio power amplifier circuit of claim 9, wherein
the supply voltage 1s the boost voltage level, and wherein the
audio power amplifier steps the boost voltage level down to
form an amplified audio signal.

13. The audio power amplifier circuit of claim 9, wherein
the input gain stage decreases the input gain when the state of
charge indication parameter falls below the depletion thresh-
old.

14. The audio power amplifier circuit of claim 13, wherein
the input gain stage decreases the iput gain at a preselected
rate of decibels over time while the state of charge indication
parameter 1s below the depletion threshold.

15. The audio power amplifier circuit of claim 9, wherein
the input gain stage increases the iput gain when the mnput
gain 1s below a maximum gain value and the state of charge
indication parameter is at or above a depletion threshold.

16. The audio power amplifier circuit of claim 15, wherein
the input gain stage increases the mput gain at a preselected
rate of decibels over time while the state of charge indication
parameter 1s at or above a depletion threshold and the input
gain 1s below the maximum gain value.

17. An audio power amplifier circuit, comprising;:

a boost stage that produces a boost voltage level from a

battery voltage without exceeding a preselected current
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limit for a current budget of the audio power amplifier,
wherein the boost voltage level 1s provided across a
boost storage capacitor;

an audio power amplifier that 1s supplied at a supply volt-
age level derived from the boost stage and amplifies an
input signal; and

an 1nput gain stage that provides the mnput signal and which
adjusts an input gain of the mput signal based on a level

of a state of charge indication parameter relative to a
depletion threshold, where the state of charge indication
parameter 1s dependent on the boost voltage.

18. A portable two-way radio device, comprising:

a transceiver that receives an audio signal 1n a radio fre-
quency (RF) signal and extracts the audio signal from
the RF signal;

an audio power amplifier circuit that includes a boost stage
that produces a boost voltage level from a battery voltage
without exceeding a preselected mput current budget
limit of the audio power amplifier circuit, wherein the
boost voltage level 1s provided across a boost storage
capacitor;

the audio power amplifier circuit further including an audio
power amplifier that amplifies an nput signal and 1is
supplied at a supply voltage level derived from the boost
stage:

the audio power amplifier circuit further including a pre-
amplifier that amplifies the audio signal at an adjustable
gain setting to provide the mput signal to the audio
power amplifier; and
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the audio power amplifier circuit further including a deple-
tion recovery control circuit that adjusts the adjustable
gain setting of the pre-amplifier based on a level of state
of charge 1indication parameter level relative to a deple-
tion threshold where the state of charge indication
parameter 1s dependent on the boost voltage.

19. The portable two-way radio device of claim 18,
wherein the supply voltage 1s produced by a buck stage that
steps the boost voltage down to the supply voltage level.

20. The portable two-way radio device of claim 19,
wherein the state of charge indication parameter 1s the supply
voltage level.

21. The portable two-way radio device of claim 18,
wherein the supply voltage 1s the boost voltage level, and
wherein the audio power amplifier steps the boost voltage
level down to form an amplified audio signal.

22. The portable two-way radio device of claim 18,
wherein, 1n response to the state of charge indication param-
cter falling below the depletion threshold, the depletion
recovery control circuit decreases the adjustable gain of the
pre-amplifier at a preselected rate of decibels over time.

23. The portable two-way radio device of claim 18,
wherein, 1n response to the state of charge indication param-
eter rising above a depletion threshold while the adjustable
gain of the pre-amplifier 1s below a maximum gain setting, the
depletion recovery control circuit increases the adjustable
gain of the pre-amplifier at a preselected rate of decibels over
time.
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